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Introduction
Existing infrastructure represents a substantial part of societal assets and existing bridges represent a huge capital that needs to be well administrated. Bridge deck slabs are among the most exposed bridge parts and are often critical to damage [1] . Consequently, it is important to examine if current assessment and analysis methods are appropriate. In order to develop a systematic approach for the assessment of reinforced concrete (RC) slabs, Plos et al. have developed a ''Multi-level Assessment Strategy"; see Fig. 1 [2] . The strategy provides the engineering community with a framework for using successively improved structural analysis methods for an enhanced assessment in a straight forward manner. In Plos et al. [2] five analysis levels, I-V, on increasing levels if detailing are presented. Case studies have shown that more advanced methods normally yield an improved understanding of the structural response and are capable of demonstrating higher, yet conservative, predictions of the load-carrying capacity [2, 3] . A methodology to model RC slabs subjected to bending and shear type failures using continuum element in nonlinear finite element (FE) analysis (Level IV & V) has been devised by the authors [4, 5] . However, at Level IV and V the study of RC slabs subjected to punching failure is a more challenging task and needs to be investigated and included in the assessment strategy.
Previously, several numerical investigations have been carried out to apply nonlinear FE analysis to predict punching behaviour of RC slabs. Among these, studies using two-dimensional (2D) models have been conducted, e.g. Menétry [6] and Hallgren [7] . A separate application was investigated by those who implement layered shell element which takes into account an out-of-plane shear response and allows the implementation of threedimensional (3D) constitutive models, e.g. Polak [8] . Compared to 2D element models, a 3D element model offers a higher flexibility and accuracy in the modelling of out-of-plane behaviour of reinforced concrete structures and generally results in more realistic results [2, [9] [10] [11] [12] . However, even though nonlinear FE analysis has increasingly been used to analyse RC slabs, yet a guide on how to perform these analyses is not available to engineers.
The overall aim of this study was to investigate the feasibility of predicting the response of RC slabs without shear reinforcement subjected to punching using continuum elements in nonlinear FE analysis (Level IV and V according to Fig. 1 [2] ), and providing recommendations for the choice of modelling alternatives. In the future, these recommendations along with the ''Multi-level Assessment Strategy" [2] and other researches [13, 14] should complement more general guidelines already available in the literature, such as fib: bulletin 12 [15] , fib: bulletin 45 [16] and Hendriks et al. [17] . This study was conducted by carrying out nonlinear FE analysis for RC slabs without shear reinforcement which has been tested by Guandalini and Muttoni [18, 19] been compared with corresponding experimental data. The influence on the structural behaviour of different material models and modelling choices was studied. Several parameters including size effect and reinforcement ratio, which influence the punching behaviour itself, as well as the possibility to predict the response by FE analysis, were investigated in the study.
Methodology
This study was conducted by carrying out numerical analyses on previously tested RC slabs without shear reinforcement. The experiment series carried out by Guandalini and Muttoni [18, 19] was used for comparison and verification of the modelling method used in the numerical study. It was selected because it presented RC slabs subjected to punching failure with varying properties such as dimension of slabs, concrete strength and reinforcement ratio. Prior to the numerical study, a literature study of the experiments of Guandalini and Muttoni [18, 19] was made.
The process of the numerical study is illustrated in Fig. 2 . In the first step a reference model, developed according to the modelling method previously proposed by Shu et al. [5] , was used to simulate the tested slabs PG1 and PG2b [18] . These two slabs were selected because they represent two distinct cases: slab PG1 that failed due to brittle punching (punching occurred before yielding of flexural reinforcement), and slab PG2b that failed due to ductile punching (punching occurred after the yielding of flexural reinforcement). The results of the FE analyses, including load-deflection relation and crack patterns, were compared with experimental data. In case the results did not agree sufficiently well with the experiments, the modelling choices would have to be investigated to improve the reference model until a sufficiently good agreement was reached. As a second step, the calibrated reference model was applied to all the slabs from PG1 to PG11 and all the analysed results were compared to corresponding experiment results and predictions made based on Eurocode 2 [20] . In the third step, a parameter study was made. The results from FE analysis were analysed based [20] to verify that the FE model reflects the structural behaviour realistically. In the fourth and final step, modelling recommendations were formulated based on the reference model and results of the analyses.
Description of experiments
In 2004, Guandalini and Muttoni [19] carried out a series of bench mark tests on slabs at École Polytechnique Fédérale de Lausanne (EPFL); see Fig. 3 . The aim of these tests was to investigate the behaviour of RC slabs with different dimensions, compressive strength of concrete and reinforcement ratios, failing in punching shear. The test series consisted of eleven reinforced concrete slabs representing internal slab-column connections without transverse reinforcement in the slabs. The square columns were cast together with the slabs with side lengths c slightly larger than the thicknesses h of the slabs. Three sizes of the tested specimens were used: ''full-size" specimens (PG1, PG2b, PG4, PG5, PG10 and PG11), ''double-size" specimen (PG3) and ''half-size" specimens (PG6, PG7, PG8 and PG9). Table 1 shows the main dimensions, reinforcement amounts and material parameters of each specimen. The specimens were loaded through eight concentrated forces acting on the perimeter of the specimen; the load was introduced using four hydraulic jacks placed underneath the laboratory floor. During the punching test, the load was increased at a constant rate all the way up to failure. For all specimens, the final failure mode was punching shear, with a clearly delimited punching cone. More information about the experiments and their results can be found in Guandalini and Muttoni [18, 19] .
Numerical study

Finite element model
The finite element software DIANA 9.5 [21] was utilized to model the slabs, using 3D tetrahedron 4-node element models, as displayed in Fig. 4 . Due to symmetry and the need to reduce the computation time, only a quarter of the slab was included in the FE model. On the symmetry faces, all displacements perpendicular to the cross-sections were fixed. The reinforcement was modelled as fully bonded embedded reinforcement bars, which means the stiffness of reinforcement was added to the concrete element directly. The loading steel plates above the slab were included and vertical displacement was fixed at the top of the loading plates. Interface elements including Mohr-Coulomb friction model were used between the concrete and steel plates. The effect of the interface element has been investigated in Shu et al. [5] . To model the loading, all the nodes on the bottom surface of the column were tied to the centre node so that they had the same vertical displacement; during the analysis the centre node was given a controlled displacement upwards. An incremental, iterative static analysis was performed using specified increment sizes. Each increment was equivalent to a vertical displacement of 0.1 mm until the first crack initiated. After that, to save computation time, the increments were increased to 0.5 mm to save computation time. The analyses were carried out using a regular Newton-Raphson iteration method based on force or energy convergence criteria with a tolerance of 0.01. The FE model described above were applied to all the tested slabs.
Reference model
As indicated in chapter 2, a reference model was selected based on the studies of Shu et al. [22] and Plos et al. [2] to perform the analyses at the first step. The reference model which is presented here was already calibrated by a parameter study according to Fig. 2 . In the reference model, the 1st order tetrahedron element with seven layers of elements along the thickness was used. Regarding the material model of concrete, the Total Strain rotating crack model [23] with a crack band width approach was used. In this approach, the crack width w was related to the crack strain e cr perpendicular to the crack via a characteristic length -the crack bandwidth h b . The reinforcement was modelled assuming complete interaction with the surrounding concrete; consequently, the distribution of one crack would be smeared over the mean crack distance, i.e. h b = mean crack distance. That means the crack will localized in several elements instead of one, which has been verified in Shu et al. [5] . Values of mean crack distance h b were calculated according to Eurocode 2 [20] for each slabs and are presented in Table 2 . Fig. 5(a) shows the tensile response of concrete according to Hordijk et al. [24] , used for the reference model. In Table 1 Dimensions, reinforcement amounts and material properties of test series, from Guandalini & Muttoni [18] . d g is aggregate size; f c is the mean value of tested compressive strength of concrete; q is reinforcement ratio; f y and f u is yield and ultimate strength of reinforcement steel. the reference model, the Mode I fracture energy was calculated according to Model Code 1990 [25] ; see Table 2 .
The behaviour of concrete in compression was described according to Thorenfeldt [26] . When the stress-strain relationship was used in numerical analyses, the localization of deformations in compressive failure had to be taken into account. The compression softening behaviour was related to the boundary conditions and size of the specimen in the material tests [27] . Consequently, as the stress-strain relation has been calibrated by measurements in compression tests on 300 mm long cylinders [26] , the softening branch had to be modified for the concrete element size used in the FE model [28] ; see Fig. 5(b) , in which X indicates original strain (based on test measurements). This was done by assuming that the compressive failure would take place in one element row. This assumption was later found to be correct in the analysis. The influence of lateral confinement in compression was taken into account according to the model developed by Selby and Vecchio [29] .
The material property of the reinforcement was described by a von Mises plasticity model, including strain hardening, using values obtained from material tests; see Fig. 5(c) .
Alternative modelling choices
As described in Fig. 2 , an effort was made to evaluate the modelling choices with the aim to improve the reference model. In order to evaluate the influence of various modelling choices, parameters which may possibly influence the shear behaviour were varied one at the time; see Fig. 6 . First of all, a mesh sensitivity analysis were carried out to verify the FE model. Element types including 1st order tetrahedron element, 1st order brick element and 2nd order brick element were tested and results compared. Then, the size of the 1st order tetrahedron elements were varied by adopting different h/L ratios (h = thickness of slab, L = cube root of volume of solid element). When brick element was used, h/L = 5 for 1st element and h/L = 5 for 2nd order element was used since the model size otherwise increased too much.
With the Total Strain rotating crack model, the modelling choices investigated was an alternatively determined fracture energy, a different tensile response of concrete, and an alternative lateral confinement model for compressive strength of concrete. The Mode I fracture energy according to Model Code 2010 [30] was also checked since the calculated fracture energy values increased significantly compared with Model Code 1990 [25] . To take into account the effect of lateral confinement for compressive response, the model developed by Selby and Vecchio [31] was included in the reference model because the concrete element near the column was subjected to high confinement in the experiment. It was excluded in the comparative model to see the effect. For comparison, a Total Strain fixed crack model [21] with various shear retention factors was also used when the modelling choices were evaluated. According to Eder et al. [12] , the best choice for retention factor depends on many parameters, including concrete properties, the type of structure and its failure mode, as well as software implementation. In the current study, constant values of b = 0.01, 0.1 and 0.25 were adopted since it was recommended to use 0 6 b 6 0.25 by Rots [32] . Another way to calculate the shear retention factor b based on aggregate size (see Eq. (1), d agg = aggregate size, e n = total strain, h = crack bandwidth) was also used in the study.
Results and discussion
As indicated in Fig. 2 , the initial reference model was calibrated by a modelling choice study. In this chapter, results obtained from the calibrated reference model is presented first, followed by results from modelling choice variations. Thereafter, results from analyses of all experiments in the test series studied are presented and finally the results of the parameter study.
Load-deflection response and crack pattern from reference model
Comparisons between load-deflection response of the calibrated reference model and the experiments are shown in Fig. 7 . For PG1, the stiffness of the two curves are in good agreement but the final loadcarrying capacity predicted by the reference FE model is underestimated by 28%. For PG2b, both stiffness and load-carrying capacity of the two curves match quite well even though the final deflection is underestimated by the reference FE model.
The crack patterns after failure from the reference model and the experiments were also compared; see Fig. 8 . Fig. 8(a1) represents the crack pattern at the cross section of slab PG1 from the FE analysis and the experiment, respectively. This indicates that the reference FE model is able to simulate the propagation of inclined critical shear cracks in general even though the direction of the critical cracks are not the same; in the experiment, the inclined shear crack is somewhat flatter than that in the FE analysis. Fig. 8(a2) represents the crack pattern at the top surface of slab PG1 from the FE analysis and the experiment, respectively. It shows that the reference FE model is capable of predicting the major crack pattern but not each individual crack in detail. Fig. 8  (b1) and Fig. 8(b2) show the comparison for PG2b. It is observed that the angle of the shear crack is predicted more accurately than for PG1 and more extensive bending cracking was obtained from the FE analysis.
The study above shows that the calibrated reference model is capable of describing the structural behaviour in general, including the load-deflection response and crack pattern. However, the results indicate that reference model underestimate the load carrying capacity for slabs with brittle punching failures, like PG1. This could be due to the scatter in experiment results. However, before the reference model was determined, an effort was made to improve the reference model by varying some modelling choices.
Element properties
In order to carry out a mesh sensitivity analysis, element properties such as element type and element order were investigated for both PG1 and PG2b. Element types including 1st order tetrahedron element, 1st order brick element and 2nd order brick element were tested and the load-deflection curves are shown in Fig. 9 (a) and (b). They indicate that both the 1st order tetrahedron element and 1st order brick element yield similar results, but the 2nd order brick element renders a somewhat softer behaviour and lower load-carrying capacity. Considering the FE analysis using continuum elements carried out by Shu et al. [5, 33] , all three element types are potentially used in engineering practice; the difference however should be noticed by engineers: the 1st order elements usually render stiffer results than 2nd order elements while tetrahedral shaped element usually render more freedom for crack propagation. One reason the 1st order tetrahedron element was selected here was that it has more freedom to be used in rather complicated geometry and skewed shape. In addition, the size of the elements was varied to adopt different h/L ratios. Load displacement curves in Fig. 9(c) and (d) indicate that the FE mesh with h/L = 7 was fine enough to provide accurate results.
Material input for FE models
The alternative modelling choices for the Total Strain rotating crack model included fracture energy, tensile response of concrete as well as a lateral confinement model for the compressive strength of concrete. The results of analyses with these three modelling choices were compared with the reference analysis as well as with experimental results; see Fig. 10 (a) for PG1 and Fig. 10(b) for PG2b. The Mode I fracture energy of concrete for PG1 and PG2b Fig. 7 . Comparison between load-deflection curve of reference model and experiment for PG1 and PG2b. [25] , leading to an increase of around 10% in the load-carrying capacity. Since the slabs tested contained concrete with different aggregate sizes, Model Code 1990 [25] which takes this into account was found to be more appropriate for the current work. The effect of confinement on the load-deflection curve seems to be negligible.
The modelling choices for the Total Strain fixed crack model included different constant shear retention factors b and aggregate size based shear retention factors (see Eq. (1)) b = 0-1. The results of the analyses using these modelling choices were compared with the experimental results and the reference model and are shown in Fig. 11 . It was observed that only the model with constant b = 0.01 yields reasonable results whereas higher b values, including the aggregate size based b, yield overestimation of the load-carrying capacity. Based on these analyses, it could be concluded that the punching behaviour of RC slabs using the fixed crack model was too sensitive to the shear retention factor b. Instead, the rotating crack model seems more reliable if the shear retention factor b cannot not be evaluated accurately for the specific case.
Results of analyses for all experiments of the test series
According to the evaluation of the modelling choices described above, the reference model has been verified to be able to reflect the structural behaviour of RC slabs subjected to punching in general. Considering the scatter in the experiment, the result from the reference analyses was judged to be satisfactory enough. Consequently, the modelling method used in reference model was adopted to analyse the experiments of all the punching test series by Guandalini and Muttoni [19] ; according to step 2 in chapter 2. All load-deflection curves were compared to experiments and presented in Fig. 12 . It was observed that the reference model reflected the structural behaviour at a high level of accuracy. Table 3 presents the load-carrying capacity according to the FE analyses and comparison to the experimental results and calculated results according to Eurocode 2 [20] . The results show that the proposed reference model is capable of predicting punching capacity rather accurately and somewhat conservatively, with a small coefficient of variation (0.12). Compared with Eurocode 2 [20] , the load-carrying capacity was closer to the experiment, less conservative and the coefficient of variation was smaller.
Parameters study
The flexural reinforcement ratio affects the punching strength of RC slabs. Such an effect has been reported in the literature [34, 35] and has been included in Eurocode 2 [20] but not in ACI 318-08 [36] . Fig. 13 presents the relation between the flexural reinforcement ratio and the accuracy of the punching capacity as predicted by FE analysis and Eurocode 2, for PG1 to PG11. It was observed that the scatter in the prediction increased as the flexural reinforcement ratio increased.
In order to investigate how well the influence of the flexural reinforcement ratio on the punching response could be reflected in the FE analysis, the relation between nominal punching strength and deflection was studied for four experiments with different reinforcement ratios; see Fig. 14. The nominal punching strength was used to exclude the influence of specimen size and compressive strength of concrete from the load-deflection response. Fig. 14 shows that the FE analysis qualitatively reflects the same change in structural behaviour as the experiments, even though the capacity is underestimated for high reinforcement ratios; when the reinforcement ratio increases from 0.25% (PG2b) to 1.5% (PG1), both the stiffness and punching strength increase while the ductility decreases.
In Fig. 15 , the nominal punching capacity for the same experiments are compared for experiments, FE analyses and calculations according to Eurocode 2. In the FE analyses, the flexural reinforcement also affected the punching crack even though the dowel effect was not included in the model, for example, the shear crack width decreased when flexural reinforcement ratio increased. The results show that the FE analyses are in good agreement with both the experiments and with Eurocode 2 with respect to the influence of reinforcement ratio.
Bažant and Cao [37] stated that the nominal strength decreases with an increase in the structural size. This phenomena is termed as size effect in the literature. The size effect is an established phenomena for punching in slabs [11, 20, 38, 35] . It was investigated how well the FE analysis results reflect the size effect compared to the experiments and Eurocode 2. In the experiment of Guandalini and Muttoni [19] , the influence of size effect on punching shear has been studied by including tests with three specimen sizes with varying slab thicknesses: 0.125 m, 0.25 m and 0.5 m (here represented by PG6, PG1 and PG3, respectively). By comparing the nominal punching strength excluding the influence of the reinforcement ratio and compressive strength of concrete, see Fig. 16 , it was shown that the influence of the size effect was similar in the FE analyses and the experiments; however, in Eurocode 2, the size effect is smaller.
Conclusions
To summarize, the overall aim of this study was to investigate the feasibility to predict the structural behaviour of RC slabs without shear reinforcement subjected to punching failure using continuum elements in nonlinear FE analysis, and to provide recommendations concerning to the choice of modelling alternatives. The research was carried out by a systematic numerical study including varying modelling choices, a parameter study and comparison with experimental as results as well as with analytical calculations according to Eurocode 2. By comparing the results of the FE analyses with experiments, it was concluded that the reference model was capable of predicting the punching capacity and crack pattern rather accurately. When compared with the calculations according to Eurocode 2, continuum FE analysis are able to capture punching failure with lower deviation and smaller scatter.
The results from the study of modelling choices show that the structural behaviour predicted by the FE analysis was significantly affected by different modelling choices. For the Total Strain rotating crack model, the fracture energy was an important influencing factor. For the Total Strain fixed crack model, the punching capacity was considerably affected by the shear retention. Thus, the rotating crack model is easier to be used if the shear retention factor b cannot not be determined accurately for the specific case. The parameter study shows that the reference FE model does not only provide a good estimation of load-carrying capacity, but also reflect the influence of parameters such as the size effect and the flexural reinforcement ratio. Results of the FE analyses are in good agreement with experiments and calculations based on Eurocode 2 [20] .
Consequently, as a reliable modelling method for RC slabs subjected to punching failure, the modelling choices adopted in the reference model can be recommended: (a) a total strain rotating crack model can be used for concrete and fully bonded reinforcement model can be used for reinforcement steel; (b) first order four-node tetrahedral elements with at least seven element layers over the cross-section height are sufficient; (c) the crack band width should be estimated as the mean crack distance if fully bonded reinforcement is used; (d) fracture energy calculated by Model Code 1990 is preferred to be used since it accounts for the aggregate size; (e) lateral confinement model for compressive strength of concrete is also recommended to be used since it reflects real behaviour. 
